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The influence of temperature on metabolic rate and characteristics of the gas exchange patterns of flightless, sub-Antarctic
Ectemnorhinus-group species from Heard and Marion islands was investigated. All of the species showed cyclic gas exchange with no
Flutter period, indicating that these species are not characterized by discontinuous gas exchange cycles. Metabolic rate estimates
were substantially lower in this study than in a previous one of a subset of the species, demonstrating that open-system respirometry
methods provide more representative estimates of standard metabolic rate than do many closed-system methods. We recommend
that the latter, and especially constant-pressure methods, either be abandoned for estimates of standard metabolic rate in insects, or
have their outputs subject to careful scrutiny, given the wide availability of the former. V̇CO2 increase with an increase in
temperature (range: 0–15 1C) was modulated by an increase in cycle frequency, but typically not by an increase in burst volume.
Previous investigations of temperature-related changes in cyclic gas exchange (both cyclic and discontinuous) in several other insect
species were therefore substantiated. Interspecific mass-scaling of metabolic rate (ca. 0.466–0.573, excluding and including
phylogenetic non-independence, respectively) produced an exponent lower than 0.75 (but not distinguishable from it or from 0.67).
The increase of metabolic rate with mass was modulated by an increase in burst volume and not by a change in cycle frequency, in
keeping with investigations of species showing discontinuous gas exchange. These findings are discussed in the context of the
emerging macrophysiological metabolic theory of ecology.
r 2005 Elsevier Ltd. All rights reserved.
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Periodic gas exchange is one of the most characteristic
physiological features of insects at rest. Although it is by
no means common to all species, it has been recorded in
a wide variety of higher insect taxa from cockroaches
and termites (Wilkins, 1960; Shelton and Appel, 2001a;
Marais and Chown, 2003) to beetles and ants (Lighton,
1990, 1991a). In its most sophisticated guise it takes the
form of a series of repetitions of three periods of gase front matter r 2005 Elsevier Ltd. All rights reserved.
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ess: slchown@sun.ac.za (S.L. Chown).exchange (closed (C), flutter (F) and open (O)), which
differ substantially in the rate of exchange of different
gasses, and which ultimately result in a partial decou-
pling of CO2 release and O2 uptake (Lighton, 1996).
These discontinuous gas exchange cycles (DGCs) were
originally documented in lepidopteran pupae (Kestler,
1985) and adult insects (e.g. Punt et al., 1957), and have
subsequently been investigated in considerable detail in
lepidopteran pupae (e.g. Levy and Schneiderman,
1966a, b; Hetz et al., 1999), a wide variety of adult
insects (reviews in Lighton, 1996; Chown and Nicolson,
2004), and several other arthropod groups (Lighton and
Fielden, 1996; Klok et al., 2002; Lighton and Joos,
2002). Studies have ranged from comparative (e.g.
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mental (Schneiderman and Schechter, 1966; Lighton
and Garrigan, 1995; Chown and Holter, 2000), and in
most instances have been concerned with the physiolo-
gical mechanisms underlying discontinuous gas ex-
change and the reasons why insects might show
discontinuous gas exchange cycles at rest.
Because the reduction of respiratory water loss was
originally thought to be an important function of
discontinuous gas exchange, but has since been vigor-
ously contested (reviews in Lighton, 1996, 1998; Chown,
2002), many comparative studies have examined among-
species variation in the relative durations and contribu-
tions of each of the three periods to total gas exchange,
and their variation with temperature, to assess whether
this variation is consistent with a water conservation
hypothesis (Lighton, 1991a; Duncan and Dickman,
2001; Chown and Davis, 2003). These studies have
shown that in all of the species examined to date,
temperature-related increases in metabolic rate are
accompanied by an increase in DGC frequency. How-
ever, in some insects, such as adult Camponotus vicinus
ants (Lighton, 1988), several species of Pogonomyrmex
harvester ants (Quinlan and Lighton, 1999), the fire ant
Solenopsis invicta (Vogt and Appel, 2000), adult carabid
beetles (Duncan and Dickman, 2001), and some species
of lepidopteran pupae (Buck and Keister, 1955;
Schneiderman and Williams, 1955), the volume of the
water profligate O-period declines with increasing
temperature. In others, such as Cataglyphis bicolor ants
(Lighton and Wehner, 1993), several species of dung
beetles (Davis et al., 1999), and two cerambycid beetle
species (Chappell and Rogowitz, 2000), it does not.
Likewise, owing to the physiological, ecological and
evolutionary implications of mass scaling (Peters, 1983;
Schmidt-Nielsen, 1984; Gillooly et al., 2001; Allen et al.,
2002), considerable attention has been given to the
scaling of metabolic rate and gas exchange character-
istics of species showing DGCs (Lighton, 1991a; Davis
et al., 1999; Chappell and Rogowitz, 2000). At the
interspecific level, the positive scaling of metabolic rate
is well known, though the value of the exponents and
constants of the relationship for the insects (and higher
taxa within them) continues to be debated (Lighton and
Fielden, 1995; Lighton et al., 2001; Addo-Bediako et al.,
2002; Duncan et al., 2002; Terblanche et al., 2004), a
characteristic of the field as a whole (Dodds et al., 2001;
Symonds and Elgar, 2002; Savage et al., 2004). The
scaling of DGC characteristics is not as well investi-
gated, but in the few studies that have been undertaken
it is clear that V̇CO2 and O-period CO2 emission volume
scale similarly with body mass, resulting in mass-
independence of DGC frequency: a situation different
to the scaling of ventilation frequency in vertebrates
(Lighton, 1991b; Davis et al., 1999). Other character-
istics of the DGC vary considerably in their scaling withmass, depending on the taxa that are being investigated
(review in Chown and Nicolson, 2004). Thus, despite
some inadequacies, both temperature- and body mass-
related variation in the characteristics of the DGC have
been documented.
However, DGCs are not the only form of periodic gas
exchange characteristic of insects at rest. Many species
show less complex forms of cyclic gas exchange (CGE)
with a burst period, analogous to the O-period in
DGCs, and an interburst period of decreased CO2
release. The latter is different in character from both the
C- and F-period of DGCs, where the spiracles often do
not close completely nor exhibit fluttering. Such cyclic
gas exchange is characteristic of several species, includ-
ing cockroaches (Marais and Chown, 2003), termites
(Shelton and Appel, 2000, 2001a–c), and flies (Williams
and Bradley, 1998), and is also apparent in other
arthropod taxa (Klok et al., 2002). How this cyclic gas
exchange is related to discontinuous gas exchange is not
well known, although CGE may be the basal, or
original, form of gas exchange in insects and other
arthropods that has since been pressed into service for
other purposes and modified by selection to produce
DGCs (for a full discussion see Chown and Nicolson,
2004; Marais et al., submitted). Exploring temperature-
and body mass-related variation in the characteristics of
cyclic gas exchange, as has been done for DGCs, might
provide insight into whether these two different forms of
periodic gas exchange share characteristics, and in so
doing inform the hypothesis that cyclic gas exchange is
basal. However, to date, such explorations are rare and
have been restricted entirely to investigations of several
species of termite (Shelton and Appel, 2001a, c).
Here, we increase the number of investigations of the
characteristics of cyclic gas exchange by examining
temperature- and body mass-related variation of meta-
bolic rate and the characteristics of gas exchange in
seven species of weevils. In doing so not only do we
contribute substantially to the number of species for
which such investigations are available, but we also
provide information on an insect group that is entirely
unrepresented in the gas exchange literature. To date,
gas exchange studies of beetles have been restricted to
the carabids, trogids, scarabs, tenebrionids, and cer-
ambycids, despite the fact that there are at least 166
beetle families (Lawrence and Newton, 1995), of which
the largest, in terms of species richness, is the
Curculionidae.2. Materials and methods
2.1. Study animals and sites
The Ectemnorhinus-group of weevils is a monophy-
letic unit, comprising 36 species, which is restricted to
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archipelagos, and Heard and McDonald Islands in the
southern Indian Ocean (Chown, 1994). The group is
systematically well known, and was last revised by
Kuschel and Chown (1995), who also provided a
generic-level phylogeny based on morphological char-
acters. In this study, seven species from islands in two of
these archipelagos, viz. Marion Island in the Prince
Edward Island group, and Heard Island, in the Heard
and McDonald group, were investigated. All six species
were examined on Marion Island, whilst only Canonop-
sis sericeus (of a total of five species, see Chown and
Klok, 2001) was examined on Heard Island (Table 1),
owing largely to the very basic facilities of the field camp
at Atlas Cove on this island.
Lying to the north of the Antarctic Polar Frontal
Zone (APFZ), Marion Island has a cool, hyperoceanic
climate, with little seasonal temperature variation
(monthly mean Stevenson Screen values vary between
2 and 7 1C over the year), though mean annual
temperatures have increased by slightly more than 1 1C
over the past 50 years (Smith, 2002). Mean soil surface
temperatures tend to be higher, and more variable than
the Stevenson Screen values (Chown and Crafford,
1992), but variation is nonetheless generally low owing
to persistent cloud cover at the islands. Mean annual
precipitation is ca. 2000 mm and falls throughout the
year, with limited seasonal variation. Heard Island lies
south of the APFZ and rises to 2745 m a.s.l. It is
approximately 80% glaciated, and has a much colder
and more seasonal climate than Marion Island (Gressitt
and Temple, 1970). Unfortunately, no microclimate
measurements have been made year-round at the island
because the Australian research station was abandoned
in 1954, and only sporadic, mostly summer visits have
been made since then. In the 1992–1993 field period at
Spit Bay, the absolute maximum Stevenson Screen
temperature was 21.6 1C, and the absolute minimum
was 7.2 1C (Green, 2000). The presence of permanent
snow and ice above 300 m even in midsummer (Hall,
2002), indicates substantial altitudinal variation inTable 1
The Ectemnorhinus-group species found on Heard Island and on Marion Islan
1989, Chown and Klok, 2001)
Site/Species
Heard Island
C. sericeus C.O. Waterhouse
Marion Island
Palirhoeus eatoni (C.O. Waterhouse)
Bothrometopus randi Jeannel
Bothrometopus elongatus (Jeannel)
Bothrometopus parvulus (C.O. Waterhouse)
Ectemnorhinus marioni Jeannel
Ectemnorhinus similis C.O. Waterhouseclimate, but no microclimate data are available from
high elevations. In the period 1947–1954 mean annual
precipitation was 1380 mm, with limited seasonal varia-
tion (but snow predominating in winter).
2.2. Respirometry
Specimens were collected from the lowest elevations
at which they occurred and returned to the laboratory
within 1–4 h, where they were subsequently held in
climate chambers, in vials lined with moistened filter
paper and containing appropriate food at ambient
temperatures (571 1C 14L:10D for Marion Island, and
271 1C, 16L:8D for Heard Island) for a maximum of
48 h before respirometry. Prior to respirometry, indivi-
dual beetles were starved for 24 h on moist filter paper to
avoid the effects of specific dynamic action. Care was
also taken not to use beetles that were ovipositioning or
had oviposited. An individual was weighed (to 0.1 mg,
on a Mettler UMT-2 electronic microbalance), placed
into a 3 cm3 cuvette located in a darkened water jacket
connected to a Grant LTD20 or LTD12 water bath, and
allowed to settle for 40 min at the test temperature after
which respirometry commenced. The water baths
controlled temperature to within 0.2 1C, and the
temperatures at which investigations were undertaken
were 0, 5, 10 and 15 1C. A Sable SystemsTM flow-
through CO2 respirometry system (Sable Systems
TM,
Henderson, NV) was used. Air (21% O2 and N2
balance) was passed through sodalime, silica gel and
Drierite columns to remove CO2 and H2O. From there
the clean air flowed at 50 ml min-1 through an automatic
baselining system, the cuvette and then a LiCor 6262
CO2/H2O infrared gas analyzer. The LiCor gas analyzer
and other Sable SystemsTM peripheral equipment were
connected to a desktop computer using DATACAN V
software (Sable SystemsTM, Henderson, NV) for data
capture and control of the respirometry system. Directly
after the 40 min settling period a baseline measurement
was made bypassing the cuvette, then the beetle was
allowed to equilibrate to flowing air for 15min afterd and examined in this study, with habitat use indicated (after Chown,
Habitat use




Rock faces and fellfield
Vegetated areas and fellfield
Vegetated areas and Azorella selago cushions in fellfield
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commenced. Depending on the size of the beetle,
respirometry trials ranged from 1 to 4 h and the four
treatment temperatures were randomly applied. Due to
the constraints of the facility on Heard Island,
Canonopsis sericeus individuals were placed in the water
jacket at either 0 or 15 1C and during a single
respirometry run the temperature was ramped at 5 1C
intervals (with a 30 min settling period between tem-
peratures) as soon as a representative recording of gas
exchange at a set temperature was made. Temperature
increases or decreases were randomized. All respirome-
try measurements were corrected to standard tempera-
ture and pressure and expressed as ml CO2 h
1 (rate) or
ml CO2 (volume). Although automated activity detection
was not applied, simultaneous observations of beetles in
the cuvettes and the respirometry trace made identifica-
tion of periods at which beetles were at rest straightfor-
ward. At rest the CO2 trace on the analyzer was periodic
with distinct peaks and valleys, whereas it was much
more continuous during activity. Based on these
observations, sections of the respirometry traces where
beetles were clearly at rest were identified for analysis for
each individual.
2.3. Analyses
V̇CO2 traces were variable ranging from continuous
to strongly periodic. Generally, continuous V̇CO2 was
2–5 times higher than periodic V̇CO2 and therefore only
periodic V̇CO2 traces were considered representative of
standard metabolic rate. For each individual at each
temperature V̇CO2 (ml CO2 h
1) and frequency (Hz)
were calculated for at least five cycles towards the
middle of the recording using DATACAN V software.
Because gas exchange was cyclic, but not discontinuous,
each cycle was divided into the clearly distinguishable
burst and interburst periods (see also Chown and
Marais, 2003), except in C. sericeus where interburst
periods at the higher temperatures were short and
difficult to distinguish clearly from burst periods. CO2
emission rate (ml CO2 h
1) and emission volume
(ml CO2), and duration of the period, for each of these
two periods was calculated for each cycle using
DATACAN V. In the case of both periods, the baseline
used for integration to determine emission volume was
the zero line. Means of each of these parameters for at
least five cycles were then calculated for each individual
at each temperature. These means were then used as
raw, individual data for statistical analyses.
Means and standard errors were calculated for each
of the parameters at each temperature. The relationships
between these parameters and temperature, and between
the parameters themselves, were investigated for each
species independently (i.e. intraspecific analyses) using
ordinary least-squares linear regression. Rate andfrequency (and duration) were logged prior to analysis
to normalize the data, but this was not necessary for
volume. Owing to the narrow range of body sizes within
each species, intraspecific scaling analyses were not
undertaken (see Bosch et al., 2000 for rationale).
Scaling analyses were undertaken at the interspecific
level. Here, mean values of each of the parameters for
each species were obtained from the trials at 5 1C
(largest sample sizes and representative of environmen-
tal temperatures (see Chown and Crafford, 1992)) and
regressions of each of the parameters against body mass
(mg) were undertaken using ordinary least-squares
regression, with logged values for mass, rate, duration,
frequency and volume. Because species-level data are
generally characterized by phylogenetic non-indepen-
dence (Harvey and Pagel, 1991), the analyses were
repeated using a phylogenetic independent contrasts
approach (Felsenstein, 1985), as implemented in the
phenotypic diversity analysis programme (PDAP) (Gar-
land et al., 1993, 1999). The phylogenetic tree used for
the analyses was the one utilized by Chown and Klok
(2003), with the species not present in the current data
set pruned from the tree (see Kuschel and Chown (1995)
for the original phylogenetic analysis that was not based
on physiological characters). The use of the real branch
lengths did not result in significant relationships between
the absolute value of the standardized contrasts and the
square roots of their branch lengths, thus indicating
phylogenetic independence (Dı́az-Uriarte and Garland,
1998). Ordinary least-squares regressions using the
standardized, positivized contrasts were undertaken
with the regression line forced through the origin in
each case.3. Results
All of the species showed cyclic gas exchange with
clear interburst and burst periods (Fig. 1). However, the
extent to which this took place was variable among
temperatures, usually as a consequence of activity
(Tables 2 and 3). The latter also meant that sample
sizes for subsequent analyses were reduced, especially in
Bothrometopus elongatus and Canonopsis sericeus. Dis-
continuous gas exchange, with clear C-, F-, and O-
periods was never recorded, and the spiracles rarely
closed completely as the interburst V̇CO2 values
demonstrate (Table 3 and Fig. 1).
There were significant, positive relationships between
log10 V̇CO2 and temperature, except in the case of B.
elongatus, where small sample sizes meant non-signifi-
cance. There were also significant, positive relationships
between log10 frequency and temperature (Table 4).
Temperature typically explained 30–60% of the variance
in V̇CO2 and 50–80% of the variance in frequency. For
both the interburst and burst periods, log10 V̇CO2 was
ARTICLE IN PRESS
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Ectemnorhinus similis 0˚C 12.8 mg
Fig. 1. Sample gas exchange traces for each of the species examined in this study. (a) Canonopsis sericeus, (b) Palirhoeus eatoni, (c) Bothrometopus
randi, (d) B. elongatus, (e) B. parvulus, (f) Ectemnorhinus marioni, and (g) E. similis.
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Table 2
Mass, metabolic rate and cyclic gas exchange frequency in the seven
sub-Antarctic weevil species investigated in this study
1C Mass (mg) V̇CO2 (ml h
1) Frequency (Hz) n
C. sericeus
0 60.571.6 3.31170.676 0.00270.0002 5
5 60.571.6 5.27470.625 0.00470.0003 5
10 61.572.6 8.59571.639 0.00970.0004 3
15 58.9 13.036 0.005 1
P. eatoni
0 5.770.8 0.51570.081 0.00470.0013 4
5 5.470.7 0.56570.046 0.00670.0004 4
10 6.970.7 0.93170.109 0.00770.0009 6
15 6.7 1.811 0.018 1
B. randi
0 18.371.8 0.89970.080 0.00270.0001 13
5 18.973.1 1.65770.259 0.00470.0004 7
10 19.375.1 2.51970.451 0.00670.0009 4
15 24.672.8 3.80470.896 0.00970.0032 3
B. elongatus
0 2.0 0.317 0.001 1
5 1.770.1 0.91970.075 0.00670.0004 4
10 2.470.2 0.76970.118 0.00870.0008 3
15 1.770.1 1.13270.208 0.01270.0010 4
B. parvulus
0 2.870.2 0.47070.101 0.00370.0003 7
5 2.870.2 0.44570.079 0.00370.0005 9
10 3.270.3 0.68070.107 0.00570.0005 11
15 3.670.4 1.44270.318 0.00970.0009 8
E. marioni
0 10.571.5 0.51870.047 0.00270.0002 7
5 8.871.5 0.88970.102 0.00370.0003 8
10 10.171.4 1.43170.175 0.00670.0004 9
15 9.671.6 2.02970.208 0.00970.0010 8
E. similis
0 14.671.0 0.69470.087 0.00170.0002 7
5 13.171.6 1.08870.111 0.00270.0004 5
10 12.370.7 1.68570.305 0.00470.0010 5
15 13.471.0 2.41770.241 0.00470.0006 6
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ture, whilst log10 duration was negatively related to
temperature (as would be expected given that duration is
equivalent to 1/frequency) (Table 4). Emission volume
was generally not related to temperature for either the
burst or interburst periods, with the exception of B.
elongatus in which sample sizes were small, and C.
sericeus for which data were not available (Table 4).
These results meant that, within species, changes in
V̇CO2 that were a consequence of temperature were
strongly related to variation in cycle frequency, but not
emission volumes (Table 5).
In the uncorrected regression analyses there were
significant, positive relationships between log10 mass
and log10 metabolic rate, log10 interburst volume, log10
burst V̇CO2 and log10 burst volume, but not betweenlog10 mass and the other variables (Table 6). Similar
results were found in the analyses corrected for
phylogenetic non-independence, although the relation-
ship for log10 metabolic rate was marginally non-
significant, and that for log10 interburst volume was
clearly not significant (Table 6). There were no
differences in the slopes obtained using the two
analytical methods for the mass scaling relationships
of metabolic rate, burst V̇CO2, and burst volume (t-
tests, p40.1 in all cases). Thus, the increase in metabolic
rate with mass was associated with an increase in burst
volume (leading to an increase in burst V̇CO2), but not
with a change in cycle frequency.4. Discussion
Metabolic rate determinations have been made
previously for the weevil species on Marion Island.
However, without exception they were all substantially
higher than those found here (Chown et al., 1997).
Whilst there is no intrinsic problem with the closed-
system methods that were previously adopted for
investigating oxygen uptake in these species (see e.g.
Sláma, 1984), many of them cannot adequately distin-
guish between standard and active metabolism (but not
constant volume methods such as those used by, e.g.
Tartes et al. (1999, 2000)), and integrate measurements
over a considerable period without allowing bursts of
activity to be distinguished from inactivity (Lighton,
1991b). In consequence, closed system methods, and
especially those that rely on a constant pressure
approach, often result in considerable over-estimation
of metabolic rates. Despite monitoring of activity in the
former study, the present results suggest that activity led
to overestimation of metabolic rates. Differences be-
tween estimated metabolic rates in this study and that of
Chown et al. (1997) were substantial in most of the
species at the same temperatures, and this also led to
substantial differences in the slopes of the rate–tem-
perature relationships. Indeed, with the exception of B.
randi, where the difference between the slope derived
here and that in the former study was marginally non-
significant, the slopes of the rate–temperature relation-
ships found for the Marion Island species here were
significantly shallower than those recorded in the
previous study (two-sample t-test, po0.05 in all cases,
compare also Table 4 here with Table 3 of Chown et al.,
1997). However, it should also be kept in mind that
Chown et al.’s (1997) investigation included tempera-
tures from 20 to 30 1C as well as the lower temperatures
used here, which may well have increased Q10 values
substantially, leading to the steeper slopes of the
rate–temperature relationships.
These results therefore confirm Lighton and Fielden’s
(1995) findings that many closed system methods can
ARTICLE IN PRESS
Table 3
Temperature-related variation of CO2 production rate, period duration and period volume in the interburst and burst periods in the cyclic gas
exchange patterns shown by the seven weevil species investigated in this study
Temperature (1C) Interburst Burst
V̇CO2 (ml h
1) Duration (s) Volume (ml) V̇CO2 (ml h
1) Duration (s) Volume (ml) n
C. sericeus
0 2.54470.571 204.6743.9 0.15170.046 4.09570.755 212.9713.4 0.23670.038 5
5 5.122 42.1 0.060 5.18970.633 217.1719.6 0.30770.037 5
10 8.30071.668 115.971.2 0.26770.051 3
15 13.7028 127.2 0.484 1
P. eatoni
0 0.30870.068 303.4763.2 0.02570.007 0.74770.087 181.3722.0 003770.006 4
5 0.66270.348 70.1718.6 0.01570.008 0.73570.039 117.9719.7 0.02470.004 4
10 0.55870.089 74.7719.1 0.01070.002 1.74270.596 89.579.3 0.04070.012 6
15 1.863 53.9 0.028 1
B. randi
0 0.33770.062 439.07103.7 0.05370.020 1.48970.166 289.2719.0 0.12070.016 13
5 0.58770.088 134.5729.7 0.02270.005 2.16670.376 194.1713.2 0.11970.022 7
10 1.02870.096 74.1723.7 0.02270.009 3.28470.766 122.7716.1 0.11670.035 4
15 1.88570.435 74.9718.9 0.02570.007 4.76071.049 86.5715.1 0.11070.028 3
B. elongatus
0 0.266 597.0 0.044 0.475 319.2 0.042 1
5 0.66470.059 57.1712.6 0.01170.003 0.93270.072 152.277.3 0.04070.004 4
10 0.45270.093 33.175.4 0.00470.001 0.87470.161 101.9721.5 0.02370.002 3
15 0.77670.168 35.276.7 0.00770.002 1.22670.197 58.574.2 0.02070.004 4
B. parvulus
0 0.31270.087 214.0735.3 0.01770.005 1.37570.741 238.3718.9 0.11070.072 7
5 0.23870.047 194.0743.4 0.01170.004 0.57570.049 206.5725.7 0.02470.006 9
10 0.32770.066 122.3732.4 0.00970.003 0.88970.113 155.378.6 0.03870.005 11
15 1.41370.499 47.578.7 0.01570.004 1.62070.312 97.776.2 0.04570.011 8
E. marioni
0 0.34870.082 416.9759.5 0.03570.008 0.796v0.038 320.3716.1 0.07170.006 7
5 0.38470.076 119.6716.3 0.01370.003 1.13470.137 193.5712.7 0.06170.007 8
10 0.53870.111 59.678.9 0.00870.002 1.66370.168 129.7712.1 0.06170.010 9
15 1.02670.121 57.278.1 0.01570.002 2.42770.186 75.575.7 0.05070.004 8
E. similis
0 0.39170.105 587.97140.2 0.05270.013 1.21970.137 372.2731.6 0.12770.019 7
5 0.54470.215 312.97123.6 0.04370.025 1.58670.191 245.1729.7 0.11270.023 5
10 0.75070.195 173.5793.6 0.02470.009 3.84671.611 167.8729.44 0.16470.051 5
15 1.22870.093 120.7719.1 0.04270.008 3.28370.356 137.6717.8 0.13470.030 6
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bolic rates in insects. They also suggest that the two
methods could result in substantially different rate–
temperature relationships. The consequences of these
errors might be considerable especially where closed-
and open-system data are combined for single analyses
without distinguishing between them (as might be done
for metabolic scaling analyses of the kind used in
macrophysiology—see e.g. Gillooly et al., 2001; Allen et
al., 2002) because the slopes of the rate–temperature
relationships could be an artefact of the combination of
data. However, this will depend crucially on the way in
which activity is accounted for in the comparative
investigations and how activity was controlled for in theoriginal investigations (this is generally done with as
much care as possible in studies of standard metabolic
rate—see Chown et al., 2003). Thus, although closed-
system methods remain popular for investigating meta-
bolic rate variation in insects (e.g. Stabentheiner et al.,
2003), they should either be discontinued or treated with
considerable care. Many of these methods introduce
potential inaccuracy into the data and subsequent
analyses using them (although see the careful work by
Tartes et al., 1999, 2000). Easy to use, comparatively
inexpensive alternatives are available, and if progress is
to be made in understanding metabolic variation in
insects, these open-system methods should be more
widely, though not uncritically (given that dry air
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Table 4
Relationships between gas exchange parameters and temperature for each of the weevil species from Marion and Heard islands
Regression Intercept7SE Slope 7SE r2 F Df p
Log10 V̇CO2 (ml h
1) vs. temperature (1C)
C. sericeus 0.469570.0762 0.044870.0112 0.57 16.081 1, 12 0.0017
P. eatoni 0.352670.0590 0.031770.0075 0.58 17.784 1, 13 0.001
B. randi 0.055170.0414 0.042270.0061 0.66 48.305 1, 25 0.0001
B. elongatus 0.253270.0997 0.019270.0096 0.29 4.019 1, 10 0.0728
B. parvulus 0.491470.0693 0.034170.0073 0.40 21.611 1, 33 0.0001
E. marioni 0.283470.0488 0.038170.0051 0.66 58.188 1, 30 0.0001
E. similis 0.169370.0420 0.036470.0045 0.76 64.730 1, 21 0.0001
Log10 frequency (Hz) vs. temperature (1C)
C. sericeus 2.597170.0502 0.040970.0074 0.72 30.862 1, 12 0.0002
P. eatoni 2.475170.0773 0.035270.0098 0.50 12.827 1, 13 0.0035
B. randi 2.740670.0528 0.045170.0078 0.57 33.780 1, 25 0.0001
B. elongatus 2.665270.1007 0.053170.0094 0.78 32.213 1, 10 0.0003
B. parvulus 2.647570.0473 0.034970.0050 0.60 48.726 1, 33 0.0001
E. marioni 2.761070.0332 0.048970.0035 0.87 196.55 1, 30 0.0001
E. similis 2.845570.0707 0.031170.0078 0.42 15.869 1, 21 0.0006
Log10 interburst V̇CO2 (ml h
1) vs. temperature (1C)
P. eatoni 0.520270.1261 0.024670.0178 0.14 1.909 1, 13 0.193
B. randi 0.656470.1175 0.064470.0173 0.36 13.898 1, 25 0.001
B. elongatus 0.375470.1178 0.013770.0113 0.13 1.468 1, 10 0.254
B. parvulus 0.843370.1243 0.042770.0132 0.24 10.560 1, 33 0.0027
E. marioni 0.670370.1118 0.038070.0117 0.26 10.477 1, 30 0.003
E. similis 0.581070.1223 0.041270.0130 0.33 10.060 1, 21 0.0048
Log10 interburst duration (s) vs. temperature (1C)
P. eatoni 2.336070.1232 0.060470.0174 0.50 11.996 1, 13 0.005
B. randi 2.468670.0774 0.054970.0114 0.48 23.275 1, 25 0.0001
B. elongatus 2.161770.1763 0.051370.0169 0.48 9.162 1, 10 0.0128
B. parvulus 2.348070.1030 0.045670.0109 0.35 17.477 1, 33 0.0002
E. marioni 2.443770.0736 0.057570.0077 0.65 55.297 1, 30 0.0001
E. similis 2.644170.1061 0.045570.0113 0.45 16.339 1, 21 0.0007
Interburst volume (ml) vs. temperature (1C)
P. eatoni 0.024070.0053 0.001470.0008 0.23 3.632 1, 13 0.081
B. randi 0.046670.0135 0.001970.0020 0.03 0.886 1, 25 0.356
B. elongatus 0.023370.0057 0.001470.0005 0.39 6.296 1, 10 0.031
B. parvulus 0.014170.0033 0.000270.0003 0.01 0.317 1, 33 0.577
E. marioni 0.026670.0041 0.001270.0004 0.22 8.344 1, 30 0.007
E. similis 0.048370.0102 0.001070.0011 0.04 0.799 1, 21 0.383
Log10 burst period V̇CO2 (ml h
1) vs. temperature (1C)
C. sericeus 0.547870.0696 0.0357870.0102 0.51 12.272 1, 12 0.0044
P. eatoni 0.187570.0866 0.030470.0110 0.37 7.612 1, 13 0.0163
B. randi 0.134570.0488 0.033970.0072 0.47 22.407 1, 25 0.0001
B. elongatus 0.191370.0790 0.017270.0076 0.34 5.147 1, 10 0.0467
B. parvulus 0.221070.0772 0.019170.0082 0.14 5.468 1, 33 0.0256
E. marioni 0.115870.0399 0.032070.0042 0.66 58.264 1, 30 0.0001
E. similis 0.072170.0612 0.031170.0066 0.51 22.120 1, 21 0.0002
Log10 burst duration (s) vs. temperature (1C)
C. sericeus 2.356470.03756 0.020370.0055 0.53 13.627 1, 12 0.0031
P. eatoni 2.236070.0538 0.031470.0069 0.62 20.972 1, 13 0.0005
B. randi 2.448970.0289 0.035670.0043 0.74 70.235 1, 25 0.0001
B. elongatus 2.435070.0517 0.045270.0050 0.89 82.664 1, 10 0.0001
B. parvulus 2.403370.0307 0.025470.0033 0.65 60.930 1, 33 0.0001
E. marioni 2.500470.0253 0.041570.0027 0.89 244.77 1, 30 0.0001
E. similis 2.541970.0421 0.029970.0045 0.67 43.510 1, 21 0.0001
Burst period volume (ml) vs. temperature (1C)
C. sericeus 0.236470.0356 0.009870.0052 0.23 3.518 1, 12 0.086
P. eatoni 0.033270.0089 0.000270.0011 0.002 0.022 1, 13 0.9
B. randi 0.120870.0146 0.000670.0021 0.002 0.069 1, 25 0.795
B. elongatus 0.045370.0047 0.001870.0004 0.60 15.290 1, 10 0.003
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Table 4 (continued )
Regression Intercept7SE Slope 7SE r2 F Df p
B. parvulus 0.081170.0264 0.003670.0028 0.05 1.644 1, 33 0.209
E. marioni 0.070270.0066 0.001270.0007 0.10 3.230 1, 30 0.083
E. similis 0.124170.0239 0.001370.0026 0.012 0.248 1, 21 0.624
Table 5
Relationships between V̇CO2 and both frequency and burst period volume for each of the weevil species from Marion and Heard islands
Regression Intercept7SE Slope7SE r2 F Df p
Log10 V̇CO2 (ml h
1) vs. log10 frequency (Hz)
C. sericeus 2.413170.6915 0.718770.2878 0.34 6.24 1, 12 0.0281
P. eatoni 1.309270.3284 0.648870.1451 0.61 20.00 1, 13 0.0007
B. randi 1.606070.3354 0.580070.1311 0.44 19.58 1, 25 0.0002
B. elongatus 0.968070.2763 0.485570.1268 0.62 14.67 1, 10 0.0041
B. parvulus 1.779270.3531 0.843970.1481 0.50 32.49 1, 33 0.0001
E. marioni 1.833670.2233 0.761570.0932 0.69 66.79 1, 30 0.0001
E. similis 1.708970.3558 0.611570.1338 0.50 20.89 1, 21 0.0001
Log10 V̇CO2 (ml h
1) vs. log10 open period volume (ml)
C. sericeus 0.074170.1642 2.171170.5457 0.57 15.83 1, 12 0.002
P. eatoni 0.273770.1037 3.562772.653 0.12 1.80 1, 13 0.203
B. randi 0.085470.1170 1.843270.8955 0.14 4.24 1, 25 0.06
B. elongatus 0.059570.1572 0.601475.0244 0.001 0.014 1, 10 0.91
B. parvulus 0.195570.0574 0.526970.5677 0.025 0.862 1, 33 0.36
E. marioni 0.063970.1408 1.420672.1921 0.01 0.420 1, 30 0.52
E. similis 0.086170.1073 1.335670.7135 0.14 3.50 1, 21 0.08
Table 6
Interspecific mass scaling (where mass is in mg) of metabolic rate, cycle frequency, interburst period rate, duration and volume, and burst period rate,
duration and volume for the seven weevil species, for data collected at 5 1C, for both phylogenetically non-independent and phylogenetically
independent analyses
Dependent variable Intercept7SE Slope7SE r2 F p
Phylogenetically non-independent
Log10 V̇CO2 (ml h
1) 0.49370.167 0.57370.160 0.66 12.88 0.016
Log10 frequency (Hz) 0.07 0.401 0.554
Log10 interburst V̇CO2 (ml h
1) 0.40 5.06 0.074
Log10 interburst duration (s) 0.015 0.078 0.790
Log10 interburst volume (ml) 2.16770.130 0.49970.124 0.72 16.4 0.010
Log10 burst period V̇CO2 (ml h
1) 0.39770.120 0.56370.114 0.80 24.4 0.005
Log10 burst period duration (s) 0.24 1.59 0.263
Log10 burst period volume (ml) 1.77170.154 0.65870.146 0.76 20.3 0.007
Phylogenetically corrected
Log10 V̇CO2 (ml h
1) 0.44670.178 0.56 6.24 0.07
Log10 frequency (Hz) 0.27 1.89 ns
Log10 interburst V̇CO2 (ml h
1) 0.13 0.07 ns
Log10 interburst duration (s) 0.15 0.87 ns
Log10 interburst volume (ml) 0.42 3.5 ns
Log10 burst period V̇CO2 (ml h
1) 0.51270.140 0.51 13.5 o0.05
Log10 burst period duration (s) 0.28 1.9 ns
Log10 burst period volume (ml) 0.64370.167 0.75 14.8 o0.05
Intercepts are not given in the latter case because the regression lines are forced through the origin.
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humidification of air is comparatively straightforward),
adopted.Whether or not the global insect metabolic rate
analysis provided by Addo-Bediako et al. (2002), based
on closed- and open-system data (the methods were
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Fig. 2. Variation in the gas exchange traces of a single individuals of
(a) E. similis at 5 1C and (b) B. randi at 5 1C.
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wide variety of flow-through data are available is a moot
point (see discussion in Hodkinson, 2003 and Chown et
al., 2003). The present study suggests that the slopes of
the beetles from Marion Island, which formed an
important component of the north–south rate–tempera-
ture analysis undertaken by Addo-Bediako et al. (2002),
are even lower than previous estimates, so supporting
their idea. However, it is not yet clear what similar data
collection would mean for insects from other areas, both
in this context, and in terms of metabolic rate variation
with mass and environmental temperature. In the latter
case, Chown et al. (2002) noted that when closed- and
open-system methods are distinguished in analyses (such
as those undertaken by Addo-Bediako et al., 2002) the
outcomes are similar, thus suggesting minimal influence
in the latter case. Nonetheless, in the context of the
metabolic theory of ecology (Brown et al., 2004) further
investigation of these issues is essential. The scaling and
rate–temperature relationships of insects, one of the
planet’s most diverse groups of organisms, could
perhaps be considered an acid test of many of the
theory’s fundamental assumptions. Therefore, determin-
ing whether large-scale analyses are influenced by
methodological artefacts, even when they are controlled
for in statistical analyses, should be a pressing goal for
insect evolutionary physiologists (see also Chown and
Nicolson, 2004).
None of the weevil species displayed discontinuous
gas exchange under any of the experimental conditions
(i.e. no clear distinction could be made between closed-
and flutter-periods—see Lighton, 1996). This is perhaps
unsurprising given the mesic, generally epigaeic habitats
they occupy (Chown et al., 2005 provide a review of the
hypotheses proposed for the evolution of discontinuous
gas exchange cycles). Although the beetles did show
evidence of cyclic gas exchange, making them similar to
many exopterygote insects (Shelton and Appel, 2000,
2001c; Marais et al., submitted), they also showed
substantial variation in gas exchange characteristics.
Gas exchange traces were variable both within and
between individuals (Fig. 1 and Fig. 2) (see also Chown,
2001), and it is clear that all species show both cyclic and
continuous gas exchange. These findings are in keeping
with several others where, when the full range of gas
exchange patterns in individuals are reported, it is clear
that several patterns are characteristic of the focal
species (e.g. Lighton, 1998; Shelton and Appel, 2000;
Marais and Chown, 2003; Gibbs and Johnson, 2004).
In those weevil individuals which showed cyclic gas
exchange it is clear that increases in V̇CO2 with
temperature were mediated largely through increases
in burst frequency and not by changes in burst volume
(Table 5). This situation is similar to some (e.g.
Cryptotermes cavifrons, Incisitermes minor), but not all
of the termite species examined by Shelton and Appel(2000, 2001c). In the latter case, I. tabogae also increased
burst period volume with a change in V̇CO2. The
increase in frequency with increasing V̇CO2 in the
weevils is also in keeping with virtually all investigations
of cyclic gas exchange (including DGC) undertaken to
date (Chown and Nicolson, 2004). However, the weevils
are unlike many ants (Lighton, 1988; Quinlan and
Lighton, 1999; Vogt and Appel, 2000), some adult
carabid beetles (Duncan and Dickman, 2001), and
several species of lepidopteran pupae (Buck and Keister,
1955; Schneiderman and Williams, 1955), where the O-
period volume declines with increasing temperature.
Rather, they are much more similar to Cataglyphis
bicolor ants (Lighton and Wehner, 1993), two ceramby-
cid beetle species (Chappell and Rogowitz, 2000) and
five species of dung beetles (Davis et al., 1999) where
volume generally does not change with increasing
V̇CO2. The similarities in response of characteristics of
both cyclic and discontinuous gas exchange to changes
in V̇CO2 suggest that these gas exchange patterns might
well be related, although similarity in pattern does not
necessarily mean that the underlying mechanisms are
identical (Lighton and Joos, 2002).
The interspecific mass scaling exponent for metabolic
rate found for these flightless weevils (ca. 0.446–0.573) is
ARTICLE IN PRESS
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0.75 value that is thought to be typical of all organisms
(West et al., 1999), although it was also indistinguish-
able from a value of 0.67 (t-tests, p40.05) and falls
within the 0.5–1.0 range reported from a wide variety of
insects (Lighton and Fielden, 1995; Lehmann et al.,
2000; Addo-Bediako et al., 2002; Duncan et al., 2002;
Terblanche et al., 2004). Such a wide range of values is
unexpected from the perspective of the metabolic theory
of ecology (Brown et al. 2004). However, Koz"owski et
al.’s (2003) model predicts heterogeneity of slope values
amongst taxa. It also predicts that the interspecific
scaling relationship for a wide group of organisms
within a higher taxon should converge on a value lying
somewhere between 0.7 and 0.8, although within
subtaxa the values might vary considerably. This
certainly seems to be the case for insects, where large
scale, taxonomically diverse studies find a scaling
exponent of ca. 0.75 (Addo-Bediako et al., 2002, but
see also Lighton et al., 2001), whereas interspecific
studies within particular taxa tend to identify a range of
values (reviewed in Chown and Nicolson, 2004, see also
Duncan et al., 2002; Terblanche et al., 2004). Bokma
(2004) reached a similar conclusion for intraspecific
scaling values of fish metabolic rate, though the average
slope was 0.715. Nonetheless, as Duncan et al. (2002)
and Chown and Nicolson (2004) have noted (see also
above), several of the large-scale metabolic scaling
investigations for insects undertaken to date might be
confounded by the inclusion of too few flying insects
and too many beetles and ants. Thus, a specific focus on
metabolic scaling would confirm the generality of the
emerging pattern that, at least for insects, the data seem
to favour the mechanistic explanation proposed by
Koz"owski et al. (2003), although the statistical average
may well be an exponent of 0.75. The latter would mean
that the further large-scale explorations of variation in
life history traits, population level characteristics and
biodiversity variation that are a part of the metabolic
theory of ecology (Brown et al., 2004) might not be
substantially confounded by taxonomic differences in
the scaling of metabolic rate.
In terms of the scaling of the characteristics of the
cycles, the results are similar to earlier work on DGCs
by Lighton (1991a) for tenebrionid beetles, Chappell
and Rogowitz (2000) for longicorns, and Davis et al.
(1999) for dung beetles. The increase in V̇CO2 with an
increase in mass is largely modulated by an increase in
burst period volume (the two scale identically with mass,
two-sample t-tests for both phylogenetically indepen-
dent and non-independent data, p40.1 in all cases), but
not with a change in frequency. Most of the other
characteristics were not related to mass, which may have
been a consequence of the relatively small size range of
the species (2–60 mg). Thus, it appears that the scaling of
characteristics of cyclic gas exchange is similar to thatfound for scaling of DGC characteristics, demonstrating
additional similarity between the two gas exchange
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